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Summary
Split-root plants, where the root system was di-
vided between two containers, were used to study the
effect of partial drying of the root system on gas ex-
change and root growth of 110 Richter (Vitis
berlandieri x Vitis rupestris). The initial decrease in
gas exchange in response to half-drying coincided with
the decrease in soil water content of the dried half of
the root system. Recovery of gas exchange of half-dried
grapevines occurred without any further change in soil
water content of the dried half of the root system, and
coincided with the point at which there was no fur-
ther decrease in soil water content. For half-dried
plants, there was a relative increase in root develop-
ment in moist soil layers, both in the wet container
as a whole or in the lower part of the dry container.
Recovery of gas exchange of half-dried plants occurred
at the time when there were no more roots dried in
the dry container. We propose that, for half-dried
plants, the part of the root system in dry soil can sur-
vive because water moves from wet roots to dry
roots.
K e y w o r d s : split-root, Vitis, half-drying, drought stress,
recovery, root growth, gas exchange.
Introduction
Split-root plants, where the root system was divided
between two containers, were used to study the effect of
partial drying of the root system on shoot growth rate
(SGR) and stomatal conductance (gS) of grape. When part
of the root system was allowed to dry while the other part
was well-watered, both SGR and gS were significantly re-
duced relative to control plants which had both halves of
the root system well-watered. The initial decrease for both
SGR and gS in response to half-drying coincided with the
decrease in soil water content of the dried half of the root
system (DRY and LOVEYS 1999; DRY et al. 2000, this is-
sue). Recovery of shoot function of half-dried grapevines,
relative to controls, coincided with the point at which there
was no further decrease in soil water content of the dried
container (DRY et al. 2000, this issue).
The experiment described in this study was conducted
to test the hypothesis that recovery of gas exchange of half-
dried 110 Richter (Vitis berlandieri x Vitis rupestris) oc-
curs because there are no more roots being dried. This ex-
periment was part of a program which led to the develop-
ment of a strategy for control of grapevine shoot vigour
and the improvement in water-use efficiency now known
as partial rootzone drying(DRY et al. 1996; DRY 1997; DRY
and LOVEYS 1998).
Material and Methods
The method of production of split-root grapevines was
described in DRY and LOVEYS (1999). Experiments were
conducted in a glasshouse at the Institut für Rebenzüchtung
Geilweilerhof, Germany. Four 2-year-old 110 Richter (Vitis
berlandieri x Vitis rupestris) split-root plants were moved
to a glasshouse on May 4 and transplanted to PVC contain-
ers (20 x 20 cm, 47 cm high) with a single glass side at an
angle of 20º such that roots growing vertically downwards
intercepted the glass wall. The soil medium was described
in DRY et al. (2000, this issue). The glass sides were cov-
ered to exclude light and covers were only removed for up
to 15 min·d-1 for measurements. The root ball for each half
of the root system was reduced to approximately 12 x 12 x
10 cm and planted next to the glass wall such that the base
of the root ball was, on average, 10 cm below the soil sur-
face. This resulted in at least 34 cm of new soil between the
base of the root ball and the base of the container.All plants
were trained to a single shoot (all laterals removed) with 12
leaves per shoot at the start of the experiment. From May
22 (D6) until June 5 (D20), one container of each plant was
not irrigated (dry); the other was irrigated twice daily
(wet). New roots were defined as those which had grown
from the original root ball since re-potting.
Gas exchangemeasurementswere conducted twice each
day between 0900 and 1200 h using a Walz infrared gas
analyser on the same two leaves per plant from D1. An in-
dex of the rate of soil drying was determined by daily mea-
surement of the average depth (relative to the soil surface)
10 P. R. DRY, B. R. LOVEYS and H. DÜRING
of the margin between wet and dry soil in each container on
the glass wall. The growth rate of individual roots in each
container was measured daily fromD8 to D19: three to four
fine, white roots (<2 mm diameter) were selected (from
among those which had grown downwards for at least 2 d
prior to the start of measurement) and the mean increase in
length per day for each container was calculated. The in-
crease in the area of new roots which had grown in contact
with the glass wall (mainly below the base of the root ball)
was determined every second day on average: a transparent
plastic sheet was placed on the glass wall and the roots were
drawn on the plastic with a marking pen. The position of
the wet/dry margin was also marked. The area of the roots
on the plastic sheet was measured with a continuous belt
planimeter (Delta-T Devices Ltd., Cambridge, UK) and the
average increase (cm2·d-1) of all roots and percentage of
new root area dried was calculated.
On D21, roots from both wet and dry containers of
one plant were harvested: the root ball was carefully re-
moved and the soil at different depth classes (0 to 12, 12
to 18, 18 to 26 and >26 cm) excavated from the container
with a hand trowel. Roots were extracted by hand, weighed
immediately (fresh weight) and dried for 5 d at 50 ºC,
then reweighed (dry weight). The correlation between root
dry weight and root area on the glass (measured on D18)
was calculated. The root areas for the different depth classes
(0 to 5, 5 to 10, 10 to 15, 15 to 20, > 20 cm) were measured
on the remaining three plants on D22: only the apparently
living roots were included, while the relatively few dead
and decaying roots were excluded.
Results
Stomatal conductance decreased in response to dry-
ing of one container: average gS for the period from D10
to D12, relative to periods immediately before and after,
was 68 and 71 % respectively (DRY et al. 2000, this issue;
Fig. 3). The response of net photosynthesis Pn was similar
to that of gS.Actual values of gS and Pn were least on D11,
after 5 d of half-drying. Both gS and Pn started to recover
from D11 and recovery was complete by D15 (after 9 d of
half-drying) (DRY et al. 2000, this issue; Fig. 3). The large
decrease of both gS and Pn fromD10 to D11 coincided with
the slowing in the rate of soil drying (as indicated by the
depth of the wet/dry margin; Fig. 1 a).
Soil water content data from DRY et al. (2000, this is-
sue; Fig. 1) was included for comparison in Fig. 1 a (plot-
ted on the same time scale relative to the onset of soil
drying) because the same soil medium was used. The per-
centage of new root area dried almost reached its maxi-
mum value at the same time as the minimum value of soil
water content was attained, i.e. D11 (Fig. 1 b). Recovery of
gS and Pn after D11 coincided with the attainment of the
maximum depth of the wet/dry margin (Fig. 1 a) and the
highest percentage of new root area dried (Fig. 1 b). The
rate of change in root area per day (RRA; Fig. 1 c) was
positively correlated with root dry weight. RRA peaked
from D8 to D10 in both wet and dry containers with no
Fig. 1: Effect of half-drying 110 R split-root vines on root devel-
opment in wet( ) and dry ( ) containers. Dry container not
irrigated from D6 (off) to D20; R indicates day when recovery
started (from Fig. 3, DRY et al. 2000). (a) Depth (mean ± se, cm)
of wet/dry margin below soil surface on glass wall of containers.
Gravimetric soil water content (SWC, g.g-1): data from Fig. 1, DRY
et al. 2000, adjusted to same time scale relative to cessation of
irrigation of dry container; wet ( ) and dry (t) containers.
(b) Percentage of new root area dried (mean ± se). (c) Rate of
increase in root area in contact with glass wall (mean ± se, cm2·d-1).
(d) Growth rate (mean ± se, cm·d-1) of individual roots on glass wall.
significant effect of container treatment on the changes over
time. The rate of growth of roots on the glass in the dry
container was significantly greater than that in the wet con-
tainer from D9 to D10, and again from D16 to D19 (Fig. 1
d). There was a significantly larger root area for >15 cm
depth in dry than wet containers on D22, particularly
deeper than 20 cm (Fig. 2), but no difference in the total
amount per container. The average depth of roots on the
glass on D22 was 22.6 ±1.5 cm and 34.0 ±2.5 cm for wet
and dry containers, respectively.
By D12, there were no fine, white roots in the dry
container between 0 and 5 cm and very few between 5 and
10 cm depth; many of the roots between 5 and 15 cm depth
were suberised (brown). By comparison, there were many
white roots in the wet container between 5 and 15 cm. On
D19 there were relatively thick, white, descending roots
in the dry container which had grown to ca. 30 cm depth
and a few brown roots above the wet/dry margin; by com-
parison, the roots in the wet container of the same plant
were not growing on the glass wall below ca. 16 cm depth.
Excavation of soil from containers after the experiment
revealed that there were many roots in the wet container
deeper than 20 cm on the side away from the glass wall.
Nevertheless, dry weight of roots in the whole container
and the area of roots on the glass on D21 were positively
correlated: dry weight = 0.124 x area - 0.03; r2 = 0.78**.
Discussion
Recovery of gas exchange of 5 BB vines in this ex-
periment which started on D11 (5 d after the onset of soil
drying of the dry container), coincided with no further
decrease in soil moisture in the dry container as indi-
cated by the depth of the drying margin on the glass wall
(which correlated strongly with actual measurement of soil
water content in the same soil mixture in DRY et al. (2000,
this issue)). As a result, there was no substantial increase
in the area of new roots that had dried from D12. If the
root development on the glass wall was representative of
the situation in the rest of the container (this was likely to
be the case for at least the top 15 cm or so of the con-
tainer, but not necessarily for the lower part), then it is
reasonable to accept the hypothesis that recovery occurred
because there were no more roots being dried.
It therefore follows that the next hypothesis which needs
to be tested is that recovery occurs because there are no
more roots being dried and therefore no further export of a
signal from those roots. Using split-root plants, several au-
thors have suggested that the amount of roots in drying soil
determines the degree of response to half-drying and some
have implicated the actual number and/or proportion of root
tips in contact with dry soil as the most important factor
(TAN and BUTTERY 1982; JENSEN et al.1989; SAAB and SHARP
1989; ZHANG and DAVIES 1989; EBEL et al. 1994). For ex-
ample, EBEL et al. (1994) found that leaf expansion rate de-
creased by 15 % relative to the control when one container
was dried whereas the decrease was ca. 25 % when two
were dried. Using a similar system with peach seedlings,
TAN and BUTTERY (1982) found decreases of 4, 12 and 25 %
in shoot weight with one, two or three out of 4 containers
dried, respectively.As increasing numbers of roots encoun-
ter drying soil, the intensity of the signal increases (ZHANG
and DAVIES 1989); therefore, it should follow that as de-
creasing numbers of roots encounter drying soil, the inten-
sity of the signal decreases. With regard to potential de-
crease in the flux of the signal from roots to shoots, and
thus recovery of shoot function, there are several possibili-
ties. Firstly, transpirational flow of water from dry roots to
shoots may bemaintained (as a result of rehydration of dry
roots by wet roots during the night; SAAB and SHARP 1989);
however, there is a reduction in signal production as drying
of new roots slows and thus there is diminished export of
the signal. Secondly, signal production may be maintained
in dry roots but transpirational flow from dry roots is re-
duced: as a result, the flux of the signal from roots to shoots
is also reduced. KHALIL and GRACE (1993) favour the sec-
ond possibility and the evidence in support of all possibili-
ties will be discussed in a later paper.Drying roots are known
to produce abscisic acid (ABA), e.g. ROBERTSON et al. (1990),
LOVEYS et al. (in press), and the possible role ofABA in the
response of grapevines to partial drying will be examined
in a later paper.
If recovery of shoot growth can take place without
rewatering of the soil occupied by the dried half of the
root system, then this suggests that the wet roots may
supply water to the dry roots, thus maintaining the water-
absorbing capacity in case of rewatering, allowing the plant
to resume root growth under favourable soil conditions.
TURNER et al. (1996) found that water uptake by the wet
roots of half-dried plants increased relative to those of the
control plants. Using sap flow sensors installed in the
roots on either side of citrus trees treated with partial
rootzone drying, LOVEYS andDRY (unpubl.) found that there
was substantial water flow during the night from the roots
on the irrigated side of the tree towards the dry roots.
This occurred to such an extent that the soil around the
dry roots was partially rehydrated during the night.
If partial rootzone drying is to be used for vigour con-
trol in the field, the benefits of a single brief period of
shoot growth depression during the season are likely to be
marginal. This is probably the actual situation in many drip-
irrigated vineyards with significant winter rainfall and sum-
mer drought: drying of the soil between the rows in spring
may produce a signal from that part of the root system in
Fig. 2: Effect of half-drying 110 R split-root vines on the area (cm2)
of white and suberised roots on the glass surface (mean ± se of
3 plants) of wet( ) and dry ( ) containers. Dry container not
irrigated fromD6 to D20.
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the mid-rows which results in reduced shoot growth. How-
ever, recovery is likely to occur within a relatively short
period, because the water requirements of the vines are
supplied by the roots underneath the drippers, and shoot
growth is restored to its previous rate. This is not to say
that this on-off depression is not beneficial because if it hap-
pens at the right time, there may be some reduction in leaf
area. Furthermore, it may be responsible in part for the char-
acteristic switching-off of shoot growth commonly ob-
served in vineyards in Mediterranean-type climates. How-
ever, it is not possible to manipulate this phenomenon un-
der such circumstances.
Therefore, significant and long-term reduction in shoot
growth will only be possible if the recovery is minimised.
It is unlikely that this will be achieved by a strategywhereby
one half of the root system is permanently irrigated while
the other half is subjected to a succession of wet and dry
cycles because recovery will take place at the end of each
drying period and a wetting period of appropriate length
would be required to regenerate the root system on that
wet/dry side so that it could respond to the next drying
cycle. Although this strategy has not been tested in the field,
it is unlikely to produce the desired result because it is
analogous to the upper and lower parts of the profile of
conventionally-irrigated vineyards, i.e. the roots of the sur-
face soil go through a series of wet/dry cycles during the
season whereas the lower part of the root system may be
in permanently moist soil. Therefore, a strategy whereby
the drying of half the root system is alternated from one
container to the other container, or from one side of the
vine to the other, was tested on potted vines and on field
vines with split-root systems. Recovery at the end of each
drying periodmay be hypothetically minimised or even pre-
vented by timing the switch so that it occurs at, or just be-
fore, the start of recovery. The results of this study led to
the development of a strategy for control of grapevine shoot
vigour now known as partial rootzone drying (DRY et al.
1996; DRY 1997; DRY and LOVEYS 1998; LOVEYS et al.
(in press)).
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